Summary. To assess the effects of ACE-inhibition on insulin action in Type 2 (non-insulin-dependent) diabetes mellitus associated with essential hypertension, 12patients with Type 2 diabetes (on diet and oral hypoglycaemic agents) and arterial hypertension were examined on two occasions, in a single blind, cross-over study, after two days of treatment with either captopril or a placebo. The study consisted of a euglycaemic-hyperinsulinaemic clamp (two sequential steps of insulin infusion at the rates of 0.25mU.kg-l-min -1 and 1 mU-kg -~-rain -1, 2 h each step), combined with an infusion of 3-3H-glucose to measure the rate of hepatic glucose production and that of peripheral glucose utilization. The results show that blood pressure was lower after captopril (sitting, systolic 148 + 5 mmHg, diastolic 89 + 2 mmHg) compared to placebo (155 + 6 and 94 + 2 mmHg) (p < 0.05). Captopril treatment resulted in a more suppressed hepatic glucose production (2.7_+0.4 vs 4.94+0.55Bmol-kg 1.min-0, and a lower plasma non-esterified fatty acid concentration (0.143 _+ 0.05 vs 0.200_+ 0.05 retool/l) (captopril vs placebo, p < 0.05) at the end of the first step of insulin infusion (estimated portal plasma insulin concentration 305 + 28 pmol/1); and in a greater glucose utilization (36.5+5.1 vs 28 + 3.6Bmol. kg-1. rain-1, p < 0.001) at the end of the second step of insulin infusion (arterial plasma insulin concentration of 604 _+ 33 pmol/l). We conclude that captopril improved insulin sensitivity in Type 2 diabetes associated with hypertension at the level of the liver and extrahepatic tissues, primarily muscle and adipose tissue. Thus, in contrast to other antihypertensive drugs such as diuretics and beta-blockers which may have a detrimental effect on insulin action, ACE-inhibitots appear to improve insulin action in Type 2 diabetes and essential hypertension, at least on a short-term basis.
It is well established that arterial hypertension is an important risk factor for cardiovascular morbidity and mortality in patients with diabetes mellitus [1] , and appropriate treatment of hypertension is strongly recommended in patients with diabetes mellitus [2] . Although non-pharmacological measures may contribute to controlling hypertension [3] , antLhypertensive drugs are almost invariably required for a long-term normalization of high blood pressure.
Theoretically, the presently available anti-hypertensive drugs, i.e. diuretics [4, 5] , beta-blockers [6] , even if "selective" [7] , and slow channel calcium entry blockers, at least after short-term administration [8] [9] [10] [11] , may potentially suppress insulin secretion [4, 6, [8] [9] [10] [11] and/or impair insulin action [4, 5, 7] . Although long-term use of calcium antagonists is not generally considered harmful for glucose homeostasis [12] [13] [14] [15] , all the anti-hypertensive drugs may ultimately deteriorate either glucose tolerance [4, 6, 10, 11, 16, 17] and/or plasma lipid profile [17] [18] [19] . There is some concern that these adverse metabolic effects may in part offset the benefits of long-term treatment of arterial hypertension [20] , particularly in diabetic patients who are glucose intolerant by definition, and who frequently exhibit abnormalities of plasma lipid profile.
ACE-inhibitors are becoming popular anti-hypertensive drugs because of their efficacy and low incidence of side effects. Acute [21] and long-term studies [22] have suggested that ACE-inhibitors may increase peripheral insulin sensitivity in Type 2 diabetes [21] , and in essential hypertension [22] , i.e. in two conditions of insulin resistance [23, 24] .
At present, with the exception of some uncontrolled reports [25] [26] [27] , no systematic data are available on the effect of ACE-inhibition on insulin sensitivity in Type 2 diabetes associated with essential hypertension. Clearly, if it were demonstrated that ACE-inhibition improved insulin action in patients with essential hypertension and Type 2 diabetes, where insulin resistance contributes sub- stantially to hyperglycaemia [23] , the rationale for using ACE-inhibitors in Type2 diabetes would become stronger than at present [28] . The present series of studies were undertaken in order to assess whether the ACE-inhibitor captopril, improves the insulin resistance of patients with Type 2 diabetes and essential hypertension; and, if so, to establish the mechanisms.
Subjects and methods

Patients
Twelve patients with Type 2 diabetes and mild essential arterial hypertension were studied after obtaining fully informed consent. Their clinical features are given in Table 1 . Apart from diabetes and hypertension, the patients were otherwise healthy and free of any detectable diabetes-or hypertension-related complications.
Study design
After an initial 4-week run-in period during which any anti-hypertensive medication was discontinued, while diet and oral hypoglycaemic agents (in patients 2-6 and 9-12), were continued, baseline blood pressure and fasting plasma glucose were measured. The patients were randomly assigned to a two-day, single blind (patient), cross-over treatment with either captopril (50 mg twice daily orally) or placebo after which their insulin sensitivity was studied on the morning of the third day (test day). After a two-week wash-out period during which no anti-hypertensive drugs were given, the patients were again given either captopril or placebo for two days in a crossover fashion, and insulin sensitivity was re-examined on the morning of the third day. Diet and oral hypoglycaemic agents were continued during the two-day treatment with either placebo or captopril and the wash-out periods. However, neither oral hypoglycaemic agents captopril nor placebo were given on the morning of the test day.
Procedures
On the morning of the test day insulin sensitivity was assessed in all patients by means of the euglycaemic-hyperinsulinaemic clamp technique [29] (Fig. 1) . The patients were admitted to the Clinical Research Center of the Istituto di Patologia Medica, Universit5 di Perugia, between 06.30 and 07.00 hours, after overnight fasting (9-10 h); they were placed on bed rest and maintained in the supine position throughout the experiments. To obtain arterialized-venous blood samples [30] , a hand vein was cannulated in a retrograde fashion with a 19-gauge butterfly needle, and the hand maintained at 65~ in a thermoregulated plexiglass box. An antecubital vein of the contralateral arm was cannulated with an 18-gauge catheter-needle and kept patent with a 0.9% NaCl infusion (0.5 ml/min). This line was used for infusing insulin, and exogenous glucose, both "cold" and "hot" (radioactive tracer) (see below). Between 07.00 and 07.30 hours, an infusion of insulin (Actrapid HM U-40, Novo Research Institute, Bagsvaerd, Denmark) diluted to 1 U/ml in 2 ml of the subject's whole blood and 0.9% NaC1 to a final volume of 100 ml, was given using a syringe pump (Harvard Apparatus, Ealing, South Natick, Mass., USA) in order to gradually decrease the plasma glucose concentration from the patient's hyperglycaemic values to the target of 4.5-.5.5 mmol/], according to a previously described feedback principle [31] . Between 09.00 and 09.30 hours, when plasma glucose concentration decreased between 4.5 and 5.5 retool/l, the insulin infusion was stopped. A primed (25 gCi)-continuous (0.25 gCi/min) infusion of D-(3-3H)-glucose (New England Nuclear, Boston, Mass., USA) was given and maintained throughout the study for isotopic determination of glucose production and utilization. Three hours were allowed for isotopic equilibration, after which baseline blood samples were taken. During this period (from -3 h to time "0") the patients remained spontaneously euglycaemic and no insulin was infused. A euglycaemic-hyperinsulinaemic clamp was started between 12.00 and 12.30 hours (time "0"). Insulin was infused during the initial 2 h at a rate of 0.25 mU. kg-1. min-1 (first step), followed by two additional hours at a rate of 1 mU.kg -1. rain-1 (second step). During both steps of hyperinsulinaemia, cold glucose was infused at a variable rate in order to maintain the plasma glucose concentration at euglycaemic levels, as previously described [32] .
Baseline fasting plasrna glucose and insulin concentrations and feed-back insulin infusion 121
On the morning of the study, prior to the intravenous insulin infusion, fasting plasma glucose (10_+0.55 vs 9.2 + 0.33 mmol/1) and insulin concentrations (121 + 5.9 vs 119 + 6.1 pmol/1) after the two-day treatment with either captopril or placebo, respectively, were no different. However, the amount of insulin required to normalize fasting plasma glucose concentration after captopril (2.64_+ 0.28 Units) was lower compared to that of the placebo study (3.62+0.31Units) (p <0.05). Also, the duration of the insulin infusion after captopril (85+_Tmin) was lower compared to placebo (100 .+ 8.4 rain) (p < 0.05). During the 3 h equilibration period during which no insulin was infused (from -3 h through 0 h), mean plasma glucose concentrations in the captopril study (5.11 +0.22 mmol/1) and in the placebo study (4.90 + 0.19 mmol/1) were no different.
Insulin sensitivity Analysis
Blood samples were collected at 5-10 min intervals and assayed for glucose (Beckman Glucose Analyzer, B eckman Instruments, Fullerton, Calif., USA), glucose specific activity [33] , insulin [34] , C-peptide [35] , and non-esterified fatty acids (NEFA) [36] by previously described methods. Rates of glucose production and utilization were calculated during the last 30 rain of each step of the clamp study, by using the non-steady-state equations of De Bodo et al. [37] and were "smoothed" according to the method of Miles et al. [38] . In the second step of the clamp, the calculated rate of hepatic glucose production was negative. Thus, the hepatic glucose production was assumed equal to zero, and the "cold" glucose infusion rate, not the isotopically determined rate of glucose utilization, was considered as the actual rate of peripheral glucose utilization in the second step of the damp study. Insulin secretory rate was calculated based on changes in plasma C-peptide concentration, with equations derived from a two compartmental model [39] ; a distribution space for C-peptide of 80 ml/kg was used. Portal venous insulin concentrations were calculated as previously described [32] . Table and Figures are given as means _+ SEM, and the statistical significance was evaluated using analysis of variance corrected for repeated measures [40] . Regressions were calculated using the least square method [40] .
Results
Bloodpressure
Arterial blood pressure was lower after the two day treatment with captopril than after placebo (sitting, systolic 148 + 5 vs 155 + 6 mm Hg, diastolic 89 + 2 vs 94 + 2 mmHg, captopril vs placebo, respectivelyp < 0.05). Heart rate was no different (83 + 3 vs 85 + 4 beats per min, after captopril and placebo, respectively p : NS). (Fig.2) . During the 4 h of the hyperinsulinaemic clamp study, euglycaemia was maintained by variable glucose infusion (plasma glucose concentration 5.1+0.08mmol/l after captopril, 5.2 + 0.09 mmol/1 after placebo), with a coefficient of variation of 3.4 + 0.4% (captopril) and 3.6 _+ 0.5% (placebo), respectively, (both p --NS). When insulin was infused at the rate of 0.25 mU-kg 1.rain -~, peripheral (arterial) plasma insulin increased to similar steady-state values after captopril (226 _+ 8.9 pmol/l) and after placebo (243 + 10.8 pmol/1) (p = NS). Similarly, when insulin was infused at a rate of 1 mU-kg-i-rain-l, the steady state plasma insulin concentration after captopril (612 + 38 pmol/ml) and after placebo (596 + 29 pmol/1) was no different. The plasma C-peptide concentration was suppressed to a comparable extent after captopril and placebo both during the first (0.09+0.01pmol/1 and 0.09 + 0.01 pmol/ml) and the second step of insulin infusion (0.07 + 0.01 and 0.08 _+ 0.01 pmol/1) (after captopril and placebo, respectively, p = NS) (Fig. 2) .
The rate of glucose infusion required to maintain euglycaemia was greater after captopril than after placebo, both at the end of the first step of insulin infusion (90-120min, 9.92+ 0.92 vs 7.65 +0.73 gmol.kg-1-min-1), and also at the end of the second step of insulin infusion (210-240 rain, 36.5 + 5.1 vs 28 + 3.6 gmol. kg-~-min -~) (both p <0.001) (Fig.2) . Hepatic glucose production was more suppressed after captopril as compared to placebo at the end of the first step of insulin infusion (2.7 + 0.4 vs 4.94 + 0.55 gmol. kg -1. rain-1), when the estimated portal plasma insulin concentration was 305 _+ 27 pmol/1 (captopril) and 310 + 29 pmol/1 (placebo) (p = NS), as well as during the second step of insulin infusion where negative figures were obtained ( -1.8 + 0.3 vs -0.6+0.04gmol.kg-l-min -1) (both p <0.003). The rate of peripheral glucose utilization did not increase during the first step of insulin infusion either after captopril or after placebo. However, at the end of the second step of insulin infusion, peripheral glucose utilization increased -30% more after captopril than after placebo (34.7+5.44 vs 26.7_+3.61 gmol.kg-~.min -1, p <0.001) (Fig.3) .
Plasma NEFA was more suppressed at the end of the first step of insulin infusion after captopril compared to placebo (0.143 _+ 0.05 vs 0.200 + 0.05 retool/l, p < 0.05), whereas it was maximally suppressed at the end of the second step of insulin infusion both after captopril and placebo (0.04 + 0.01 and 0.04 + 0.009 mmol/1,p = NS) (Fig. 4) .
Plasma potassium concentration decreased to similar values at the end of the first step of insulin infusion after captopril (3.8 + 0.4) and placebo (3.81 + 0.3 retool/l), and at the end of the second step of insulin infusion (3.5 + 0.5 and 3.6 + 0.3 mmol/1,p = NS).
Correlations
There was no correlation between the decrease in blood pressure and the increase in insulin sensitivity induced by captopril at the liver or peripheral tissue level. Similarly, there was no correlation between the insulin action after placebo and after captopril. No correlation was found between suppression of plasma NEFA or potassium concentration and increased suppression of hepatic glucose production, and stimulated peripheral glucose utilization after captopril. Finally, the improvement in insulin action following captopril in patients previously treated with diuretics did not differ from that of patients previously not treated.
Discussion
The present study demonstrates that in patients with Type 2 diabetes and essential hypertension, therapeutic doses of the ACE-inhibitor captopril lower blood pressure and, at the same time, improve insulin action. With the exception of the effect on entry of potassium into cells, ACE-inhibition improved insulin sensitivity at the level of all insulin target organs, namely the liver, where hepatic glucose production was more suppressed, the extra-hepatic tissues (primarily the muscle), where glucose utilization was more stimulated, and the adipose tissue, as indicated by the lower plasma NEFA concentration. In quantitative terms, compared to placebo, ACE-inhibition increased hepatic and extrahepatic (primarily muscle and adipose tissue) insulin sensitivity by -25%, and -30%, respectively.
A previous study has suggested that acute ACE-inhibition with a single dose of captopril may increase peripheral (muscular) insulin sensitivity within minutes in patients with Type 2 diabetes and normal blood pressure [21] . However, to our knowledge, the present study is the first controlled observation indicating that ACE-inhibition increases insulin sensitivity at the liver and extrahepatic tissue level in patients with Type 2 diabetes and essential hypertension.
Before discussing the results of the present study, it is important to comment on the methodological approach used to examine insulin action in the patients with Type 2 diabetes.
Insulin sensitivity was examined after normalization of plasma glucose by means of an intravenous feedback insulin infusion, which was terminated 3 h prior to the clamp study to minimize its carry-over effect on the insulin action examined in the subsequent clamp experiments. Interestingly, in the patients with Type 2 diabetes of the present study, the blood glucose concentration did not increase for at least 3 h after insulin withdrawal. This is in sharp contrast with the exaggerated increase in hepatic glucose production and plasma glucose concentration which develops rapidly in patients with Type 1 diabetes after acute withdrawal of exogenous insulin [41] . Clearly, the difference must be due to the residual pancreatic insulin secretion in patients with Type 2 diabetes in the postabsorptive state [42] , which contrasts with the severe portal insulin deficiency occurring in patients with Type 1 diabetes soon after acute insulin withdrawal.
In the present experiments, insulin sensitivity was studied on the "left" part of its dose-response curve for hepatic glucose production [43, 44] by infusing insulin at "low" rate (0.25 mU. kg 1. min 1). In previous studies, it has been difficult to assess hepatic insulin sensitivity in patients with Type 2 diabetes, primarily because of the supraphysiological insulin infusion rates used, which fully suppressed hepatic glucose production, even in cases of severe insulin resistance [23] . On the other hand, since in previous studies plasma glucose concentration was decreased from hyperglycaemic to euglycaemic values immediately prior to the clamp [23] , it is likely that the supraphysiological insulin doses which were infused within a few minutes to accomplish this goal, exerted a carry-over 123 effect during the clamp study and overestimated insulin action.
When examined in euglycaemic conditions in the present study, the diabetic patients exhibited a baseline rate of hepatic glucose production of -11 btmol, kg-l.min-t, which was suppressed by %0% by an increase in estimated portal plasma insulin concentration of -310 pmol/1. These data would indicate "normal" hepatic insulin sensitivity [43, 44] . However, it should be considered that the diabetic patients were hyperinsulinaemic at baseline (plasma insulin concentration -103 pmol/1), and at the end of the first hyperinsulinaemic step (~240 pmol/1), as compared to normal, non-diabetic control subjects examined in the post-absorptive state (-70 pmol/1), and during an insulin infusion at a rate comparable to that of the first step of the clamp studies in the present experiments (-144 pmol/1) [44] . In addition, although 3 h were allowed to elapse between withdrawal of insulin infusion and the beginning of the clamp, it is possible that some carry-over effect of the previously infused insulin was present during the clamp. Taken together, these considerations indicate that the diabetic subjects of the present study were insulinresistant, and, if anything, the experimental approach used to assess insulin action underestimated their insulin resistance.
The results of these studies, i.e. that ACE-inhibition inreases insulin sensitivity at the level of the liver and extrahepatic tissues, are based on the assumption that the isotopically determined rates of glucose production and utilization are a true reflection of the flux rates of glucose during the clamp study. In absolute terms, this assumption is incorrect [45] , a fact confirmed in the present studies by the negative values of hepatic glucose production obtained in the second step of the clamp (Fig. 3) . However, it is likely that the estimate of hepatic glucose output during the first step of the clamp studies of the present experiments is quite accurate, because of the rather low plasma insulin concentration (-250 pmol/1) and low rate of glucose metabolism (-8-10 ~tmol. kg 1 rain-1), namely conditions which minimize the error of the use of Steele's equations [45] . On the other hand, during the second step of the hyperinsulinaemic clamp studies of the present experiments, the rates of infusion of "cold" glucose, not the rates of istopically calculated "hot" glucose utilization, were assumed as the actual rates of peripheral glucose utilization as recently reported [46] .
The improvement in the insulin sensitivity after ACEinhibition in the present study occurred primarily during the hyperinsulinaemic clamp, not in the post-absorptive state. This observation, may have several practical implications. Firstly, it is unlikely that fasting plasma glucose concentration will change after treatment with ACE-inhibitors in patients with Type 2 diabetes mellitus, at least on a short-term basis. Secondly, since ACE-inhibition improved both hepatic as well as muscular sensitivity to insulin, and since suppression of hepatic glucose production is a mechanism just as important as the stimulation of glucose uptake for normal glucose tolerance after a meal [47] , ACE-inhibition might improve glucose tolerance in response to hyperinsulinaemia following a meal-and/or sulphonylurea administration in patients with Type2 diabetes. Such a mechanism might explain the hypoglycaemic episodes reported after acute captopril administration in patients with Type 2 diabetes treated with sulphonylureas [25] [26] [27] . Thirdly, it follows that whenever ACE-inhibitors are given to diabetic patients treated with sulphonylureas, blood glucose concentration should be carefully monitored, especially in the late afternoon [48] , in order to detect a possible exaggerated anti-hyperglycaemic response to sulphonylureas, and to prevent the onset of clinically overt hypoglycaemia.
The precise mechanism(s) by which ACE-inhibition increased insulin sensitivity in patients with Type2 diabetes and essential hypertension in the present study, as well as in previous studies [21, 22] remains to be established. According to the "haemodynamic" hypothesis, ACE-inhibition would enhance insulin action through arterial vasodilation and increased blood flow [49] . A similar mechanism has been invoked to explain the increased insulin sensitivity after prazosin [50] . Although in a previous study no evidence for an increase in forearm blood flow after captopril was found, it is possible that the noninvasive method used in that study [21] was not sensitive enough to detect minor haemodynamic effects, which might have been important for insulin action. Regarding the "metabolic" hypothesis, the reduced degradation of bradykinin following ACE-inhibition, might exert an insulin-like activity [51, 52] which could contribute to the increased glucose utilization observed during hyperinsulinaemia after captopril administration. Regardless of the mechanisms of action, an increase in insulin sensitivity in patients with Type 2 diabetes and essential hypertension has been reported also with other ACE-inhibitors, such as benazepril [53] . On the other hand, in Type 1 diabetes, ACE-inhibition with enalapril does not influence insulin action [54] .
Although quantitatively the net effect of ACE-inhibition on insulin action in the present study as well as in previous studies [21, 22, 53] seems to be quite modest, it may nevertheless be important. In subjects with impaired insulin secretion, even a minor increase in insulin sensitivity might result in less hyperglyeaemia [23] , which, in turn, might improve insulin secretion and action according to the "gluco-toxicity" hypothesis [55] . In addition, longterm improvement in glucose tolerance after ACE-inhibition might be associated with less hyperinsulinaemia, a well known independent risk factor for atherosclerotic disease [56t, and which itself adds to the risk carried by higher blood glucose levels [57] , as recently emphasized [58] .
In conclusion, therapeutic doses of the ACE-inhibitor captopril control blood pressure, and at the same time improve insulin action at the level of liver and extrahepatic tissues, primarily muscle and adipose tissue in patients with Type 2 diabetes and essential hypertension. This effect primarily occurs when plasma insulin concentration is increased to values approaching those of the post-wandial state, rather than in the post-absorptive state.
